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I. INIRODUCTIUN

1.1 GENERAL

This is a tinal report on Task V of FAA Contract LOT
FA7SWA-3662, Differential Omega System Development ana
Evaluation. The Task V effort began 27 August 1977 and was
completed on 15 August 1981. The overall plan for this project
contemplated a cooperative approach involving System Controu,
Inc. (SCI), the FAA Alaska region, the Canadian Ministry of
Transport [Transport Canada] ana Tracor, Inc. [lracor], where
Tracor was involved via subcontract to SCI.

1.2 OBJECTIVES

The overall objective of this project has always been to
demonstrate Differential OUmega as a possible alternative to
VOR/DME within an operational environment that includes enroute
and terminal area operations. The area of North Alaska and
Northwest Canada was selected as the location for the
demonstration. Basic Omega coverage over this area is excellent,
but there is a sparsity of more precise navigational aids.

To achieve the project objective, early planning called tor
three ground stations to be implemented and up to six airborne
units were to be emploved. The ground stations were plannea at
the following sites:

Fairbanks, Alaska
Deadhorse, Alaska
. Inuvik, Canada
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At each ground station, the existing aeronautical beacon
transmitter was to be modified to transmit the Differential Umega
data. The direction finding capabilities of the beacons were not
to be affected. The aircraft equipped with the airborne units
were to conduct normal operational flights within the coverage
area for up to one year. Data were to be acquired both
automatically and manually.

The data of interest were to be such as needed to assess the
effective range and accuracy of Differential OUmega. In addition,
operational type data were to be acquired to the extent possible.

it was intended originally that the results of this field
test demonstration were to lead to a complete description of a
Differential Umega system description including:

Ground Stations
Avionics Equipment
Data Formats
Interfaces

Operating Modes

and a statement of the performance achieved in an operational

environment.

During the course of Task V some of the intermediate
objectives changed, although the ultimate objective remainea
unchanged. Some of the more important mocifications in the
project have been as follows:

. Ground stations have been established at
Anchorage, Alaska, and Deadhorse, Alaska. Mo
ground station has been established in Northwest
Canada although a ground station has been set up
temporarily in a Transport Canada laboratory in
Ottawa, Ontario.

] Two sets of Differential Omega avionics have been
developed to operational status ana a thiru set
has been partially developed. OUne operational set
has been installed and routinely tlight tested in
an FAA aircraft in Anchorage. The second
operational set has been tested by Transport
Canada in Uttawa.




° All FAA-sponsorea flight tests unaer this projecct
have been conducted in Alaska. No flight tests
have taken place in Northwest Canada. Some mobile
tests of the second operational set have been
conducted via test van near Uttawa.

° During the October 1980 flight tests, Tracor
conductea un experiment designeu to provide
cancellation of precipitation-static interterence
in airborne Umega applications. The experiment
was performed unaer the subcontract from SCI to
Tracor.

° The project was completed on August 15, 1981.

1.3 BACKGROUND

Umega, a VLF navigation system basea on a worldwide network
of eight transmitters operated at 10.2, 11.05, 11.333 ana 13.6
kHz, provides global coverage for users. These frequencies are
synthesized from a common source and are maintained in the exact
ratio 1, 13/12, 10/9, 4/3. Phase coherence and emission timing
are tightly controlled in the transmitter network. Table 1.1

lists Umega transmitter letter designations ana locations.

A user wishing to navigate measures the phase ditference
between signals at one frequency trom a pair of transmitters anu
thus establishes a line of position (LUP). Repeating the process
with two more pairs of transmitters leads to a unique navigation
fix. Navigational ambiguities can exist with Omega since any one
phase difterence corresponding to a pair of transmitters detines
a family of hyperbolic LOPs. Aiong a baseline, LUPs occur every
half wavelength. The region between adjacent LUPs is known as a
lane and Omega accuracies are frequently described in units of
centilanes (0.01 lane). The lane ambiguity problem can be
alleviated by combining instantaneous measurements from two
frequencies.

Omega is a VLF system and it is theretfore subject to all tne
propagation anomalies normally associatea with VLF. oSome ot the
more important error sources associadted with Umega are; la)




Table 1.1
Umega Transmitting Stations

STATION LETTER i
DESIGNATION LOCATION LATITUDE/LONGITUDE |
A Aldra, Norway 66°25'N/13°08'E
B Monrovia, Liberia 06°18'N/10%0"'W
c Haiku, Hawaii 21%24' /157950
D LaMoure, North Dakota | 46°21'N/98%20'W 5
3 La Reunion 20958 /55017 £ ;
F Golfo Nuevo, Argentina | 43°903'$/65%11'W s
G Gippsland, Australia * | 38029'5/146%0'E
H Tsushima, Japan 34937'N/129%27'€

*The Australia station is expected to become operational in
1981.




diurnal and seasonal ionospheric variations, (bJ transient
ionospheric phenomena such as Polar Cap Absorption (PCA) events
and Sudden lonospheric Disturbances (5IUs) that give rise to

propagation anomalies, (c’ moaal interference, ana (J) noise.

Diurnal and seasonal ionospheric variations cause phase
shifts on the order of 50-10U0 centilanes at most user locations.
These variations can be predicted and modelea to within a
reasonable accuracy and are provided to users as algorithms
within a receiver's navigation processor.

Sudden phase anomalies are associated with >IDs causea by
solar flare x-rays. These are daytime events and typically last
about fifty minutes. Solar protons, associated with large
flares, may be guided into the polar regions and prcduce PULA
events. These events may atfect polar region propagation for
several days.

Modal interference describes the eftect that occurs when
more than one waveguide propagation mode is exclited by a radiatea
signal. When this happens, the modes received by a user combine
constructively and destructively and cause anomalous signal
variations. 'lhis phenomenon occurs most commonly near a
transmitter and when the propagation path crosses a twilight
region.

Noise at VLF is mostly of atmospheric origin, although
manmade noise can dominate in certain local reglions. Noise
etfects can be diminished by inteygrating received signals over
long periods, but the period ot integration must be ceonsisent
with dynamic requirements of the user and expected transients in
the signals.

Airborne radio reception at VLF is susceptible to noise
caused bv a phenomenon known as precipitation static, or
P-static. P-static 1s assoclateu with precipitation ot 1ce
particles on the metal skin of the aircratt that results 1in a

buildup of electrostatic charge. The problem vccurs primarily 1n

O R




systems that use E-field antennas, ana can aegraae Omega
pertormance signiticantly. Section 3.2 discusses a special

experiment designed to stuay this problem.

Quoted accuracy for Umega under nominal conditions is 1-2 MM
{1,3,4]. Nominal conditions include the use of propagation
prediction corrections (PPCs; to compensate for regular
ionospheric variations, the absence of SIDs and PCA events, the
absence of modal interference, the absence of excessive noise,
and the adequate compensation of plattorm dynamics. Under less
favorable conditions, Omega accuracy aegrades, either graaually
or in the form of lane ambigulties. Marine users on the high
seas may tind 1-2 NM accuracy acceptable and may even be able to
tolerate limited perods ot degraded accuracy. On the other band,
marine navigation in restricted waterways and aircraft navigation
near terminals requires a higher level of accuracy and
reliability.

The Differential Omega concept arises from the observation
that many Omega navigation errors associated with propagaticn
effects are highly correlatea in time ana space. For example,
consider two Omega users navigating independently a short
distance apart. The absolute error of each user's tix may be 2
M, but the relative positional error will be pernhaps an oraer of
magnitude smaller. If a real-time data link coula be establishea
between the two users so that both sets of phase measurements
could be correlatea, then the two users could malntain a
positional relationship accurate to within a traction of a mile.

his concept is known as Relative Omega. It we now consider that
one user remains fixed at a known, surveyed location and provides
real-time phase measurement data to the second user, then the
secona user can obtain absolute navigational accuracy to within a
traction of a mile. This concept is known as Differential Omega,

the fixed user is called the monitor and the moving user is

called the navigator.
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The ability of Difterential Umega to eliminate correlated
errors points to a significant practical benefit, namely that the
navigator need not provide or compute PPCs since such corrections

are intrinsic to the ditfterential corrections received over the
data link.

Differential Omega, as a concept, hus been recognized tor at
least 14 years [1-3]. Experimental veritfication of the concept
has been somewhat limited [4-5]. Swanson ana Davey [5] have
described the results of a marine bitterential Omega experiment i
conducted in the coastal waters off Galveston, lexas. Figure ..1

illustrates results of navigational accuracy as a tunction of :

range from the monitor obtained by Swanson ana vavey. Tlhese H
results indicate an accuracy of 0.2 NM at close ranges and a
gradual degradation in accuracy with increasing range. At very
long ranges, the error obtained with Ditferential Umega may
exceed the error obtained with ordinary Umega. The radius of the ;
applicable region is limited both by the propagation range of the %%
data link and the tolerable decorrelation error. ?

0.7 1
j
2.6 l x l
3.5 !,, i
E . \
: . | ‘
=~ 3.5 % E 3 ! ‘
g 5.2 z-.. . ° | (,
.. e LF TELEMETRY ; |
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Figure 1.1 VUiftferential Omega Accuracy vs. Range trom Monitor (5]
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Navigational aids for aviation users include a broad
spectrum of systems, that range from a simple non-airectional
beacon (NDB) to VOR and DME (and its military counterpart, TACAN)
and radar. The most comprehensive and complex systems such as
radar and VOR/DME are expensive, require frequent maintenance and
consume g high level of electrical power. Less comprehensive
navigational systems such as NDBs require very little maintenance
ana power and are relatively inexpensive. Throughout much of
Alaska and Northern Canada, many remote communities depena
entirely on aviation for supplies and transportation to ana from
the outside world. The facilities available at these remote
sites frequently consist of little more than a landing strip
large enough to accomodate a small aircratt. Energy is always a
problem at such sites since fuel must be flown in, consequently,
most remote airstrips do not even have the luxury of a colocated
\DB. The costs ot providing VOR/UME at every remote airstrip in
North America would be prohibitive. Even NDBs with their lower
costs and more modest energy requirements co not otfer a
completely attractive solution, since an NDB provides directional
information only, and in order to be effective, must be locateu

at the site beinyg sought by the navigating aircraft.

The Federal Aviation Administration and Transport Canaaa
have been seeking a solution to the requirement for a low-cost,
accurate navigation system that will meet the neeus of small
aircraft flying in and out of remote locations in the northern

part of the continent.

Difrferential Umega is considerea to De a potentiai answer to
this requirement. Studies [6] have shown that Differential Omega
in the Alaska/Yukon region should be able to provide
two-dimensional navigation accurate to within a fraction of a
mile over a region within a hundred-mile radius from a monitor.
It has been suggested that it is practical to colocate a
Differential Omeya monitor ana an NDB anda to use the NDB as a
carrier for the differential correction intormation. This means

Bt oy




that Difrerential umega monitors coula be ueployea 4t exlistlng

NUB sites at relatively low cost anu at very littie 1ncrease 1h

T electrical power reguirements. [t also means thal NUbS used 10
conjunction with bifferential Umega woulu not nave to pe locateu

at every airstrip, but coulu support navigatlon OvVer 4 reglon

that mignt incluue several airstrips.
1.4 PROJECT MILESTONES f

Some ot tne important milestones that have ocCurreu during
the course ot Task V are as rtoliows:
. May 1979. oUne set of bitferential Umega avionics !

was deliverea to Transport (anaaa. Monitor
station equlipment was delivered to Anchorage.

) Jyctober 197Y. An avionics paCkage was lnstaliea
1n the FAA aircratt at Anchorage and was test .
flown. :
!

o January i980. bifterentliai UMega Navigalloll wa$

filght tested trom Anchorage. Kesults sSuggesteu
successtul navigation using Uitterentias Umega anu
inaicatea an achieveu range ot 40 miles on tne i
aata link from the monitor stdation to the aircratt.

i
. . |
° Marcn 198U. A rlight test was conducted aurlng i
which sottware ana i1intertace problews were !
encountered. |

® June 1980. A vifrerentiai Umega tlight test

yleldea successtul reception ot the monitor Signai
to a maximum range ot Y4 miles. oSuttware anu
interface problems negdted any navigatlon resuits.

[ vuctober 1Y8U. Lxtensive tiLlght LeStsS dilu gluuna
tests were conducted. Highlights o0t the tests
includeu a successtui rirst test ot navigatiun
using the Ueadhorse Monitor, tne tlrst successtul
use of dlgital tape tor recordiny the uatd, the
acquisition of extensive monitor data ana tne
achievement ot a i1Y¥-mile range of operation on !
the avata link. Proolems 1n sottware anu ‘
instrumentation limlted the accuracy pertfurmance
ot the system, however.

R o PR BT IR\ Cone WL, e e



February 1981. Flight tests demonstrated
navigational accuracies of 0.1 mile to 1.0 mile
using Differential Omega.

April 15, 1981. An invited paper on Differential
Omega was presented at the lonospheric Effects
Symposium in Alexandria, Virginia.

August 1,1981. 1lask V is completed and a final
report 1s submitted.
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4 [1. TECHNICAL APPRUACH

2.1 PROJECT MANAGEMENT

This project, the development and evaluation of a
Differential Omega system, was conceivea to be a joint etfort
between Transport Canada and the FAA. SCI was placeag under
contract to the FAA (DUT-FA75-WA-3662) to represent the FAA in
the technical performance of the project. >CI, in turn, placea
Tracor under contract to perform specific tasks in support of the
project.

The allocation of tasks under this project and the main
participants are as follows:

. Transport Canada developed the monitor station
subsystem, including the requirea software, ana
also provided on-site support for installation and
operational testing of the monitor station.

0 Tracor provided three Model 7620 Omega receivers
that were modified appropriately tor Ditferential
Omega operation, where the required modifications
involved both hardware and software. Tracor also
providea flight test support in Alaska.

) SCI provided overall system design, System
Integrator development, tlight test direction,
data analysis and project management.

1l
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2.2 SYSTEM CUNFIGURATIUN

The project described herein has been primarily operational
rather than research oriented. The location of the tflight tests
in Alaska has the interesting characteristic that the azimuth
directions of signals from stations A, C, U, and H intersect at
nearly right angles, as illustratea by Figure 2.1.

The experimental concept called tor the use of operationa.
NDB signals as carriers for ditferential correction aata. AMNbb's
represent a convenient means, but not the only means, for
providing &« ‘ata link for Differential Umega, other possibilities
are VOR, special HF transmitters, etc. NDBs in Alaska have a
primary mission of direction finding (DF) and a seconaary missiun
of providing weather broadcast. The weather information 1s
contained in an audio (voice) signal that 1s amplitude-modulated
onto the beacon carrier. The NDBs that were used in this
experiment were modified so that, when used for Ditferential
Omega telemetry, the voice signal was replaced with a l-kHz siue
tone, and the side tone was bi-phase modulatea with digital error
signals derived from the Omega receivers. The use of
Differential Umega thus precluded the availability of weather
information from these NDBs and was viewed as a minor
inconvenience. The NDbk identification code was maintalnea auring
Differential Omega operation. A grounu rule for the bitferential
Omega experiment was that the use ot the NDUBs for telemetry was
not to degrade the quality of the DF signals so 4s to compromlse
the primary mission of tne NUDBs. At alil times during this
experiment, NDBs were operated in compliance with ICAU
requirements [1]}.

-

Figure 2.2 illustrates the experimental contiguration. The

avionics were mounted on a special pallet in an FAA Convair 530

A ——— r——© -
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NORWAY (A)
3.540

SAPAN (M)
280.85% ANCHORAGE

NORTH DAKOTA (D)
92.89°

HAWALT (C)
197.44°

Figure 2.1 Azimuth Direction to Omega Transmitters
from Anchorage, Alaska
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'
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S’ Sty P {2) BUILT AND MOOIFIED BY TRACOR, INC.
)

-
!

hi \T/ ! (3) BUILT BY BENDIX, MODIFIED BY SCI (V).

OMEGA DB | {4) DEVELOPED BY SCI (V7).

%

}
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4

RECEIVER |*{TPANSMITTER (5} SUPPLIED BY FAA.
(6) FAA ([ONVAIR 580.

Figure 2.2 Differential Omega System Configuratioa
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aircraft based at Anchorage lInternational Airport. Monitor
stations were located at Merrill Field about 5 miles east of
Anchorage International, and at Deadhorse, on Prudhoe Bay. Omega
receivers and NDB transmitters were nearly colocated at both
monitor stations. Reference location information tor the
navigator aircraft was provided by identified paus for ground
tests, and by DME instrumentation for tlight tests. Figures 2.3
and 2.4 illustrate the geography of the experiment ana available
instrumentation. These figures display every VOR/LME within 250
miles of Anchorage and Deadhorse. Although these navigation aias
provide reasonably redundant coverage for enroute navigation of
aircraft flying at high altitudes, their line-of-sight range is
proportionately less at low altitudes so that they degenerate to
short-range homing aids for general-aviation users who are
limited to altitudes less than about 10,000 ft. It can be seen
that tor the low-altitude user, there are vast areas in Alaska
where there is no effective coverage by VOR/DME.

It is instructive to provide a brief description ot the
operation of the monitors and the determination of ditferential
corrections. We begin by expressing the known location ot a
monitor in terms of standard phases. A stanaara phase is defined
by a monitor location, an Umega transmitter location, an Umega
frequency and a geodetic model. First, the propagation range
between a monitor and an Omega transmitter is calculated using an
appropriate geodetic model. Next, the propagation range 1s
expressed in wavelengths for the particular trequency. Finally,
the integer number of wavelengths is aiscardeu ana the tractional
wavelength is retained. This fractional wavelength is known as a
standard phase and it is a highly sensitive indicator of monitor
location. Standard phases from three Omega transmitters define
the location of a monitor uniquely except for the lane ambiguity
discussed earlier. Tables 2.1 ana 2.2 list stanaard phases for
the Deadhorse and Anchorage monitor stations. These values weie

calculateud using a WGS-72 geodetic model ana assuming propagation
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Table 2.1
Deadhorse Standard Phases in Fractions of Lancs

OMEGA TRANSMITTERS
FREQUENCY A C D H
10.2 .037 .157 .791 .088
13.6 .676 .592 .881 .255
11.3 .614 .986 .033 . 349
Table 2.2

Anchorage Standard Phases in Fractions of Lanes

OMEGA TRANSMITTERS

FREQUENCY A c D H
10.2 | 894 439 804 1953
13.6 b 99 .503 .550 .085

11, .973 .507 757 729

(9% ]
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velocitlies or lolYyid.oU NM/s U 15.0 KHZ 4Nd 10.0Y3.88 Ny s at
1.2 KH:z.

We next cousider the daritimetlC 1Rvolved 1n providiiy a
ditferential correction. EacCn monitor receivilly systell Conslisteu
or tiirge UMlega recelvers, a xULlulull freguency stanuard, a L-sHZ
subcarrier moaulator, and a microcomputer. The rrequency
stangaard was used to proviae stabie monlltur recelver reterences
at 10.2, 11.55 and 153.6 kHz. Each Umega receiver wds tuned to
one ot tne three frequencies ana usudlly recelveu SlguaisS LTOM
S>tations A, U, b, ana H. At each trequency, the phase ot a
signal from one transmitier wd$ Compared wilin the pnase ot the
locally synthesized signal, and tne pnase dltterence was

transmitted as a correction. hWe nave, tor edch signal,

- - N - 3 = A <.
s km r) = \ 1y
where 'y = stanuard pnase
*p = Measured Slgndl
>p = local rererence phase

ditterential correction.

[
"

-

[aedaily, tne locdl reterence phase “r WOUlu De luentical
to the phase at the umega transmitter 1n whilcn case by. (2.1
would express tne relationship: lrue gange - Measureu Kahyge =
Range Error. In tact, the local rererence phdse altrered rroim
the transmitter phase Dy dn darbltrary unknown value. belause ot
the precision ot tne local trequency rererence, Nuwever, lic
unknown phase aifrerence oetween lie MON1Lor 1ocal retercnce anu
the transmitter varied quite siowly. Thne locai rererence phase
dlsappedred 1n the process of LurMlng 4l LUP whldn, a5 we have
stated, 1hvolvea tOorming pndse JICLerences bDetween Sigldis
measured Lrom two transmitliers. 1t we apply this prucess to Ly.
{2.1) tor any two umega transmitters labeied Nu. 1 did NO. «, we

have




[ 51 ot o) = &) (2.2 :
. '
{ by T (:mz - Qr) = Az Leedy &

sSubtracting kg. (l.>J) from by. \é.&) ylelds a quailllly 1o
3 which was a4 correction to be applled L0 i LUP anu witlei was

indepenuent ot the local rererence phase 4t the aonhitor.

In this configuration each phase COrreclion as expresseu Dy
Eg. (2.1) was transmittea via tue NUb. Tlhe appropriate !
combinations, das expressed Dy tne ditterence Al - Az, are b
pertormea by the navigation computer within the avionlics
accerding to the LuPs belnyg computed. A compiete correction
message was transmittea every ten SeCONUS 4nu CONSlsteu Or tweive i

correction values; i.e., four transmitters al tnree frcquencies

each. t

Appendix A gescribes the rormat ot the blitterential umega
correction message that wds transmitteu over the Nub daata iink.
Appenuix B uescribes the sottware resiaent 1n the d>ystem }

Integrator ana Appenaix C contains a schematlc dlagrdii ot the

System Integrator electronics.
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LID. FlebD TEST MEASUKEMENIS AND REDuLIS

5.1 GENERAL

Fielyd testlng Or ULltferentids Uitcega uinder this projecl tuon
place 1in January, March, June and uUctober ly3U and reoruary
1y8i. Flelu testing 1n Alasna hasS presented many wltricuities,

foremost or wnich nave peen the foliowing:

) Tne sites ot the tield experiments nave oeen
Anchorage anu beaanorse, Aldasnd, wh€reas Uihe Ma  jor
participants 1n the project have been
neauyuartered 1n vttawa, (anaua; Austin, 1exas,
anu Palo Alto, California. kEkach series of fieia
tests thus requlred cunsiderable cuoruination aijid
schedulling, and involvea a signiticant expense Lor
travei, per aiem, etc,

(] The amount of uealcated flight time authorized tor
tials project was cxtremely 1limlled. AS a
practical matter, then, acqulsition oL tilght aata
wdas largely constrainea py tne avalladlilly,
routlnyg anda scheauling ot commissary tlignts.
Flights to bDeaunorse, ror exaple, were intrequent
so that aata tor the beaahorse mon1tor system dre
quite limitea.

® 1he environment in Alaska 1S narsfni. Un two
occasions, tor example, external eiectrical
problems ulsaoieda Ttne monitor station (once at
Anchorage, once at beaahorse) anud negdted tlignt
tests then underway.

® The piftferential Umega equipment, opotn 1n the
alircratt and in the grounu stations, was lnstdiicd
tor the specific purpouse ot the viirerentliai Ulmiega
project. C(Conseyuentiy the equipment was not
operatea or maintalnea auring the long periouds
between rielu tests. As & resuit, edch series ot
tiela tests inevitaply 1nvolvea several uays ot
trouble-snooting ana repalr oerore vallu
bifferential Umnega tests Coula be pertormea.

21
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) The remoteness ot Alasha anu the lack of
sopnisticated repdir and data reduction facilities
tor project equlpment resulted in extensive aelays
1n etfecting certain repalrs and transcription ot
Jdata tapes. lhese delayvs nau a signirlcant
cumulative eftect on the project scheuule.

[n terms of usetul uata, the two iRCsSt Lwportant tleid tests
tock place during uctober 1980 and February 198L. It 1s
instructive to consider these test sets separately, atter which

the general implications ot the results will be discusseud.
3.2 OCTUBER 1980 FIELD TEST»s

Field tests took place during the period Uctober 16 through
October 23, 1980, and were conducted in three sets. The tirst
set involved Ditferentiul Umega navigation while the ailrcratt was
parked at a known location. Samples ot navigativunal soiutions
taken at ten-second intervals from the avionics were recorued tur
fifteen minutes each on several occasions, ylelding statistical
performance data at a fixed locdtion ftree ot the complications
associated with flight testing. 71lhe second set of tests
consisted of recoruing Umega phase uyata 1n one-minute sawpies tor
several davs as received by the Deaahorse and Anchorage
monitors. The measurement data taken trom each monitor provided
information on diurnal variations 1in phase associated witn
regular 1onospheric behavior. Comparison ot the phase aata
hetween the two monitors yielded intormation on range
decerrelation error for Ditterential umega. lhe thirgd set ot
tests tooh place auring routine flights of the aircrart from
Anchorage International Airport. These tests yielded inrormation
on in-flight performance of Ditferential Umega in terms ot
accuracy and maximum range ot the aata link. 1t is instructive

to consider each of these sets of tests in detail.

()
[3%)
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5.2.1 Uifferential Umega Ground Tests

The bDitferential Umega ground tests were pertormed as
tollows. The aircratt was parhed on a pad at Anchourage
International Airport. The monitor computer at Merriil Field was
loaded with the appropriate standard phases. The system was
operated in the Ditferential Umega mode using correction cata
from the monitor at Merrill Field. Navigation solutions at the
aircratt based on ten-second sampling periods were recorued 1or
fifteen minutes. The standaru phase values in the monitor
computer were then modifiea to simulate a uisplacement ot tne
monttor two miles north of 1ts actual position. ‘len-second
samples of navigation solutions at the aircraft were again
recorded for fitteen minutes. The standard phase values 1n the
monitor computer were then modified to simulate a displacement ot
the monitor two miles west of 1ts actual position. Tlen-seconu
samples of navigation solutions at the aircratt were again
recorded for fitteen minutes. The three sets of measurements
were performed twice, once between 11 AM and 12 noon, and once

between 6 PM and 7 PM local time.

Figure 3.1 illustrates an example of the results obtaineu
from the Difterential Omega ground tests. 'lhe origin ot the plot
is defined to be the pad location, 61°10'22"N, 14y°58'u6"n,
and the plotted points represent the navigation solutions
obtained during the tests. 1he three groups of solutions
correspond to the three sets of standard phases ioaded into the
monitor computer. The results shown in kFigure 5.1 are
representative of all results obtained from the Ditterential

Omeyga ground test.

Analvsis orf the results of these tests yields the tollowing

observations:

{1) Random scatter of the ten-second navigation
ssjutions was about 0..5 nautical miles, Z-DKMS
{3j. >Since the sampling rate was not adjustable,
there was no opportunity to investigate the
dependence of random error statistics on sampilng
period.
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(2} Mean error of the test aata was about 0.5 nautical
miles eastward, 0.25 nautical miles northwarao.
This error 1s not attributed to Differential
Umega. [t is probable that the mean error 1s
caused by uncertainties in the assumed locations
of the monitor or the aircratt pad.

{3) Mean error at any single location can be zeroea
out by adjusting the standard phases at the
monitor. Adjustment of the medan error haag no
observable effect on the random c¢rror component ot
the navigation solutions for these tests.

North
A Magnetic
4 North
4
;
//
3- 7 2M North
=~/
! J
x"..‘ '":.Z‘:.I
2=wa
I4
/
LY D ! /
2 NM West 1.
N D/
Vsl BTARN Standard
[ ~ [ ata r
& o S \
dest —_—_ e ! fast
2 1 N 2
Nautical Miles N
|
-1
i
|
South

Figure 3.1 Representative Kesults of Ditterentias Omega Ground
Tests, October 19, 1980. (Dashea lines contain Y5%
of all data points.)
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S.o.oe  Monitovr Phase Corre.ation lests

Kecelved Umegd phases at the Merrild bleiu anu wradhulse
MONITLOUTS wele Sdlpled anu recorued at one-Minute 1ulervals ilcdluy
Ccontlnuously tor several days during e exXperllienl. Pldsy uald
A4l eadh wunlitlut leldeu 1ntormation On Ld) 10Hg-teral UIriLt ol Chie
monitor trequency standard relative to the staldard vt Lhe ulicgd
transmitier networn, (D) JlUrnal piase varlations as$soclated with
regular 1onospheric efrects, and (<) the presence of phase
ditvildl1es wlth Perious gredte€r Ctuanl one winute. 1h ddulliuli,
comparison ot phuases petween the two MONLTOrS Ylelded lOLtormation
on the range dedurreldtlion €rror ot Umlcgd NdVigdtlul SOLULLONS
between the two lunitor locations.

3

Figure 5.0 1llustrates Z4 hours ot phuase data recurded at
the Merriil Filefu diu Leadhorse MONITOrs. Lurves dare presentead
tur signals at 1U.2 knz and 13.6 wHZ frow stations A, U, anu U.
STEtion 41 wds TeHpUTATlLiy Oft The Qalr wurllly Lhese neasurements.
Phase 13 meusured mowulo one CyCle and Cyclie roillovers dre
rerlections oL CONTINULUS phdse Varidtions.

EXQWINndl1lon ot Flgure >.. reveals the L0L1Owliy Lealtulus:

(1) There 1s great similarity 1in the gross beldvior ot

COTTeSPONULING Signals at 1U.2 KRRZ and 10.0 wuZ
althougn tine structure appedrs Lo De uncourrelaced.

,\
t.
~—

LDiuriai plidse vdridations are most pronoulicecu dand
Mmost regular from station b, anu Lledst pronouiceu
dnu least Treyuidr LTOW statlon aA. Taese
observations are conslstent with the racts tnat
propdgation rrom U 13 essentlaisy turough
Midlatlludes 310NE 4 METLlUldn whelre 1onospuerlc
behdvlior 1s well penaved dnu dally soviar zenlth
angle variations are large,; whereas propdgation
trom A 135 tnrough tnhe polar cap whicn 1s less
regular anu where aally solar zenith angle
variations are swmall.

(35 There 135 eviuence of 4 slow (one-nait cycle per
Jay ) Jdritt in the pnase ot the Ueadhorse rrequency
5tandaru wlth respect to the stahddaru Ot The unega
traasmitter netwourk. Inis ettfect 15 evidenl at
pota iU.Z4 anz and 13.0 wttz.  Tuils 1s 1ot 4 seriuvus
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Figure 3.2 Omega Monitor Station Phase Mcasurements,
October 25, 1980
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problem since the uitterential nature 0t the
navigation correction canceis the SLOw dritrts

out. It uoes NOL Correspond L0 d [requency otrrset
ot roughly 3 x 10740 1n tne monitor station's
standard. with proper maintenance the stanaarud 13
capable of being set to +2 x 1044 5o this drift
would not even pe seen in an operationai Systeli.
Any drift at merrily Fiela 1s mucn smailer anu 15
NCe reaulily alscerndole over a 24 hour period.

(4) NO prounounceu phase anomalles are eviaent at
elther monitor. Tthe data 4o not permit tne
observation of pnase rluctuations wltjyl periods
less than one minute.

Lomparison ot the pnases receivea at tne TwO Wounllors can
proviage intormation on the aecorrelation ot Umega Slynals Delweel
the two monitors. ‘lhe degree or decorrelation 1s a ulrect
measure ot the utility of bitterential uiiega over the alstance

between the two monitors.

Tne description ot raNge decorrelation can be approacned 1n
the tollowing way. Suppose, using the monitor at Merriil kieia,
one formeu a ditterential correction from s1gnais a4l lu.Z Knz
receivea from stations A and C. Using a torm ot bys te.l)
through (2.3), one obtains

A Lo.t)

: = - A
ALM AM CM

where GA 15 a altterentlal courrection to the A-L LUP ftormed

M

at Merritl r1ela ana Qw‘anu are obtained trom £4. (c.ly

A
M
as appliea to signals from stations A and L, respectively. lhe

nuilber representea oy ¢ wlil De dpplled Dy 4 NAV1Igdlor as a

AlM
diltrerentlial correction to the A-L LUP formed vy the navigdtor.
The navigator tnen expects that the corrected LUP will De nearly
error-tree. 1Tne A-U LUP can be compined wltn two otiaer LUPs 1n
the navigator's computer to torm tne desired rixX. Lel us$ now
repeat the process, using the beadnorse monitor. Wwe have,

anaiogous to byudation (5.1}

\ : - A (GO

AP AP e
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where subscript P rerers to the beaanorse monitor. Let us 10w
Imagine 4 Navigator hovering uylrectly over the Vedunorse munitor
WO purports to navigale wili Ditterentliali uliegd USiny either tiae
Merrill Fireld corrections describeu DY Ey. (d.1) Or tne beadnorse
corrections described by kq. (3.2). 1t tnere were pertect
correlation petween Merriil Fileld anu beadnorse, the resuit
should be independent ot wnicn @wONitor 1s useu, THUS pertect
c¢orrelation implies that, at edach instant ot tiwme, 6 =

ALP

fAuM- The extent or ulsagreement between the Twu sels ot

ditterential corrections 1s, thererore, 4 measure Ot tne LdCh Of
correlation between the twu tocdallons dnu Md)y De desCribed as

range decorrelation error tor the palr or LocCatlons.

8 - 3
ALP CALM? SAUP

Sy and ‘cup - Sepas that is, the dirterences between

Figure 5.3 1llustrates vaiues ot

corresponalng LUP corrections obtained 4t beaahorse ana merriiid
Fielu tor tne three possible palrs Au, Au anu Lu. The plottea
values may be lnterpreted as medsures ot range daecorretldation
errors; that is, the navigdtlon errors one should expect nedr one
monitor while using correction values trum tue otner wonitor.
Range decorrelation errurs vetween ueaadhorse anu mMerriii Flesu
are scefnl tu exnhlblt the toliowlhy clnaracteristics:

(L) uross behdavior 13 similar vetween 1U.c KRHZ ana
13.0 whz.

(2) A dlurnul pattern 15 evldent 100 each LUP, Dut tne
pattern 1s compiex and 1s not tne saie tor atl
LuPs.

v>)  Ihe total range vi uecourreldallon error observed
auring the Z4-nour period 1s less than +u.. Cycies
(% +Z2 NMwJ.  The maxiium excursion ot any LUP error
1s about 0.2 cycles (¥ +2 NMj.
Although VDeadhorse ana Merrili bilela are separated Dy dvout
S50 MM, which 1s a wuch gredater range than 1$ cunsiuered ror
Diitferential Umeygd valiuity, the results 1iiusirdated Dy Figure
3.5 suggest that even a4t Lhis rdnge, the accuracy Qdciilevdible trom

VDitterential uUnegad would ve comparabie to thal achleved wllh

HRY
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ordinary Omega, and since range decorreldation error is expectea
to be roughly proportional to data-link range, Ditterential Umega
accuracy should be superior to ordinary Umega accuracy tfor all

data-link ranges less th.n 550 NM.

3.2.3 Difrerential Omega Flight Tests
Flight tests were performed to verify bifrerential Umega
operation and performance under actual flight conditions. ‘The

flight tests provided information on two primary indicators of
performance; maximum range of the data link and accuracy of the

navigation.

Four round-trip tlights out of Anchorage International
Airport were flown during the experiment, as follows: Uuctober
16, Anchorage to Galena to Anchorage; uctober 17, Anchorage to
McGrath to Anchorage; Uctober 22, Anchorage to Bettles to
Anchorage; October 23, Anchorage to lDeadhorse; Uctober 24,
Deadhorse to Anchorage. Table 3.1 lists the flights ana the
maximum ranges of the data link that were observea. Maximum
range was defined in terms of received data link signal quality
according to an algorithm that measures error rate 1n the
differential correction data. When error rates exceeded a preset
threshold of 2.5 x 10'3, the differential correction message
was rejected and the maximum range of the data link was deemea to
have been exceeded. Characteristics of the data link are
discussed at greater length in Section IV.

Table 5.1
Ubserved Differential Umega Maximum Range
in NM
DATE MONITOR OUTBOUND FLIGHT Irtusouno FLIGKT

Jctober 16 Merrill Field 55 I; 107
Octover 17 § Merrill Field 128 i 151
dctober 22 | Merrill Field 88 | 103
October 23 | Merrill Field a4 ‘ _e-
October 23 Qeadhorse - No data
Octoper 24 Deadhorse 198 a--

! (Jctober 24 | Mer 1Y Mield . aa- | 147
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The results shown in Tabie 3.1 sugpest tne toiiowing:

(1) Maximum range ot the gata link 1s varliabie vy a
factor of two trom uay to aay. O>Slnce the routes
d4nu times assoclated wilh the Lilgntls on vctuber
16, 17, anu {2 were simllar, the Wost tinely
explanation tor the gally variatiun dappedars tu ve
the varyiny level o1 P-static noise encounlered vy
the alrcratt. In tact, conlurrent medasurements ot
P-static in & collateral experluent suggest
support tor tnls explanation.

{2) The smailest maximum range obDserved aurifig tinis
experiment was 44 Nwm. ‘lhere 15 no reason to
believe tnis ti1gure could not be 1mproved by uSlly
higher levels ot modulation at the wmonitor NUb OT
by means or other changes aeslgned tu optliilze tae
performance ot Uitferential Lmega.

(3) There 1s a strong 1nuicd4tlon OL & NON-UNlfoOTm galn
pattern in the beacon antenna ot the dircratt.
The ratio ot average maximul range on i1nbound
tlights to average maximum range on outbouna
flights ror the tlights on uctober lo, L7 dnu 2/
1s apout l.4 ana sugyests a front-to-bdach gdaln
ratio of 5 aB 1n the aircraft antennd pattern.
Measurements were mwaae to determine the accuracy perturuwance
of Uifterential Umeyga auring the tlights ot uctover lo-24. lue
technique useu was tO record simultaneously samples ot LMk
neasurements and navigation outputls vf the Vlega cyulpiient. Lmk
neasurements were of slant range trom the alrcrart to tie uMme
transponder belnyg lnterrogatea by tne alrcratl. UMk accurac, 1s

consiuereu to be about one percent or the range belhy measureu.

The accuracy measurements were hampercu by several prooiews
In the aircratt. Flrst, data I[Touw one Orf the lwo bMbs> falled
consistently to record properly, thus determiunations ot viikgd
accuracy could only vbe made aiony the ulrection daerineu by, tne
other bME measurement. Secona, true dlrspeed uala trow the
alrcrart to the umega were not avatilable ror thils experiment.
True ailrspeed 1s an essential input Lo the Umegd systeum, and
Missing or incorrect aata cause signlticdant error i1n the
navigation solution. In the absence ot the normai lrue alrspeed

sitgnal, this essentidl Input coulyd De pruvided onily D) ae;lig-1h




an estimated value through the front panel controls of the Umega
receiver.

During the analysis tollowing the experiment, only two cases
were tound in all the recorded tlight data where keyed-in
estimates appeared to be reasonably accurate. Figure .4
illustrates navigation performance of Differential Umega for
these two cases, where the plotted values represent the component

of Omega error in the direction detfined by the LUME measurement.
The results illustrated in Figure 3.4 suygest the fullowinyg:

(1) In both cases, the only measured components ot
navigation errors are gdlong trach; that is,
parallel to the flight path of the aircraft.
Along-track navigation pertormance of airborne
Umega 1s more sensitive than cross-track
navigation performance to errors in true airspeeda
information. The results displayed here are thus
conservative with respect to two-dimensional error
performance of Differential vuega.

(2) Both measurenents indicate a nearly monotonic
increase in error with increasing range trom the
monitor. This trena is consistent with the
results obtained by others [5) and illustrated in
Figure 1.1, although the magnitude of error in the
present experiment is considerably laryer than
that observed 1n earlier work.

3.2.3 P-s3tatic Noise Cancellation Tests

Uuring the October 1980 tlight tests, a special experiment
was performed to test a proposed method for proviaing
canceliation ¢t P-static at VLF. The P-static experiment was not
an integral part of the Differential Umega tests and was
nerformed on a non-interterence basis. Appendix U 1s the Findgl

Report describing the results obtained aurinyg the experiment.
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5.5 FEOLRUARY 1981l FlkLu TESI>S

Fleld tests were conducted between 25 kepruary anu o7
February iv8i. lhe tirst tnree days were spent trouvliesnooling
dnd repdliring equipment problems. Jiae rilrst bifterentidl vwmega
tliht test Oop the seriles TOOK place JUlLllly 4 CUMMLISSATY Lilght
trom Anchorage to ning dSatwon. uncortundtery, all elecirlical
trdnslent 1n the xround statlon puwel SOource ulsabDl€u thne Deacon
transmitter shortly alter takeort LIrCM Anchorage, UhUus Negalllly
dny bifterentiar vilega results thal mlght OTnerwlse liave Deen

oovtalned.

uUn 27 February another tiight test o1 virferentlal Uilegd was
attempted. The tlight on <7 ftevruary was entlrel, dedlciated;
that 15, Difterential uvmega test was the OnLly purpose ror tne

tlight.

IThe test plan was tu tly LTOw ARChordase tO HOWer uSlig the
Renal and Homer bMk Signals tor reterences whille pertoriulig ared
navigatlou cnruute. Arter arriving at Homer, the plah cailled tor
tlying a series or non-precision approach routes i1ncluuing
procedure turns and flying acLordlng to tie lL> iocallier peall at

hiomer.

flle gata linsn contailned s1501£1C4NT STAtlC and 1rilhasly
pecame unusable at aoout ol miles out Of Anchourage. Ihe tirignt
proceeded toO nomer 4nd attempts were ildde LO recouver tihe data
Link but witnout success. lhe arrcrattl Then proceeded Lo blg
Lane wiere tie Jddid L 1lIR was recoverced dllu where several
Pow-altitude overti1gnts Or thne LMk dNTenNd were Conduclcod. DY
thils Clme the wedlhel ldd Cleared suttlolently to permit
tow-altitude tlights at nearoy tlienuort Alr korce bdse. deverdi
Lo approuacnes were then tlown on the iocdllier Dedm dl bliehdort
dNd J4 COMPAT1sS0n wds Made Deltween UME reddlngs dnd vliterentlal
Uligyd Teddlings usily the uMbE dantenna colocdleu wiltin tie blienaort

locdilIer intenna.




Figure 3.5 illustrates the two-uimensional results obtalned
during the flight trom Anchorage to Homer. In Figure 5.5, the
tips of the arrows represent the aircCratt positions aetermined b)
DME measurements from Anchorage, henai and Homer. The bases ot
the arrows indicate the Umega-inferreu position of the aircratt
at corresponding times. It can be seen that the bifferential
Omega error at 2209 GMT was about S MM Lif we assume that the uMk
readings were error-free) and that the bifferential Umega error
decreases monotonically with time until 2219 (M1 when the
apparent error was less then 0.1 NMNM. At 2219 GM1 the dgata link
was lost, and Figure 3.5 indicates that, upon losing the data

link, Omega accuracy degraded immeaiately.

The reason for the observed behavior is believed to be the
combination of two tactors. First, the Tracor 7620
Receiver/Processor has a convergence time of about 20 minutes
after utilization. Secondly, just betore takeoft from Anchorage,
the system lost power while switching trom a grouna source to
aircraft engine power, ana so the processor hau to be
re-initialized after starting the aircraft engines. Since
takeoff at about 2200 GMT took place i1mmediately after starting
the engines, the UOmega solution had not completely convergea by
2209 GMT when data recording began.

The most uefinitive measure of Difterential umega accuracy
performance occurred during tlights ot the aircrart along the
localizer beam at Elmendorf AFB. The Elmendorr locali:zer beanm
provides guisance tfor a low-altitude tiight path orienteu at
55° magnetic (80Y true) with respect to north. Even 1n the
presence of cross winds, a skiiltul pilot can maintain a
cross-track error of less than 200 feet with respect to the
center of the beam. In the present case, the aircratt maintaineu
a cross-track error less than 150 feet auring each approach along
the localizer beam. Following the first ana ana secona
approaches, the aircratt proceeded in a counter-clockwise

direction tu intersect the beam again.
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Figures 3.6 anug 3.7 illustrate tne results QLTalney wuliig

the second

and thirg approacnes along tne Limenasoyr locditzer

beam. In these figures the t1ps ot the arrows uesciribe Lfne
location ot the aircratt at various times 45 uelerlined 0y

localizer ana TACAM. lhe square uols at the Dases OL THE arrows

Jdescribe the bittferential uvmega solutions optained at the saume

Times.,

The results 1llustrated in kigures 5.6 and >.7 1hgicale luc

tollowing:

(L

(d)

The magnitude of navigatlon error In tne wltterentiai
Umega solutions variea ITOW 4DoOut L.5 Nm L0 about
0.25 NM auring each approach alonyg the beam.

Pertoermance ot the bDifferential Umega systeim was
repeatable on successive dpproaches.

Uifterential Umegza position solutions auring & typlcat
approach can be chnaracterized Dy a poOSItION Qvershoot
of about 1.5 MM followea by a monotonic decreadse 1n
error with an effective time constant ot apoutl Ttwy
minutes. The position overshoot began 4s tie aircrart
executed a procedure turn counter-clockwise to enter
the path ot the localizer beam.

A Tanaom error component of about U.Z25 mm 2-brMD
appears to De€ SUpPEerlmposeq on tie Lransient respouss

noteu in (3).
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IV. DbIsCusslun

The tlight tests of uUctober 198U ana keoruary 198l nave

providea answers to many ot the questions tnal were stated al tue
begyinning of this project, as well as to some yuestions that were
probably not consiaderea. It 1s instructive to pose LWO Droad
questions here that have been 1mplicit 1in this project rrok the
beginning, ana to consiaer how the results ot thls errort answer,
or fail to answer these questions. The yuestions are:

(1) What was the performance of the bitterential umega
system that was tested 1n Alaska?

{2) What is the achievaple pertormance of Litterentlai
Umega navig.tion in Alaska?

The tirst question, has been answerea, to & large extent, Dy
the test results describea in section {ll. 7The pertormance
parameters measured auring the fiela tests were navigational
accuracy, data-link range, transient response ana systemn
reliability.

Mavigational accuracy tor the existing Systew was touna Lo
be characterized by a random €rror component or abouul U.<5 Mo
Z-bRMS (9¥5%), unger iaeal conaitions; that 15, wilh 4 stationary
navigator within 6 NM of the monitor station. Under condaltions
that 1ncludea low altitudes, a short aata-l1lnk range ana
proceaure turns, the total error appeared TO be characterizea vy
a translent error component with a 1.5 M peak anu a Z-winute
decay time constant, along with a steaay-state random component
of about U.25 NM, Z2-URMS.

These results are of the form predicteu theoreticaliy [0 1n
terms of the polarity of the overshoot and the time constant ot
the recovery following a maneuver. However, the magnituue ot tne
overshoot was much larger than has been preaictea. The
theoretical preaictions were basea on computer simuiations ot
idealized condaitions and uia not incluae tne efrects or tinlte
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signal-to-noise ratio and instrumentation error. It should pe
pointea out that the transient benavior ot tne systew toliowlng
an aircratt maneuver shoula be the same whether the system 1s
operating in orainary Umeyga or Dirterential umega. In other

words, susceptabillity to aircrarft maneuvers is not a

characteristic that is specitic to bifrerential Umega, althougn
transient etfects are potentially quite important wnerever hilgn
accuracy must be maintaineu continuously uurilng Ssoume period, sucin
as during a non-precision approach.

|
[
i
i

There are several plausiple reasons tor the ilargze oversuoot
that was observea, incluaing lays or errors 1n the aldlng inputs
(true airspeea and heaaing), anu lags or errors 1n the tracklly
loops or navigation filter of the Umega receiver. The i1lmiteu
data do not permit a aefinitive analysis ot the redason tor the
position overshoots following maneuvers. However, S$1nce
preaictea benavior |[6) contained much smailler oversmuots tuan
were observea, it 1s likely that tne observeu oversnoots resuitea
from a system maltunction rather than from a4 uesign

characteristic.

bata-link range was observea to vary ifrom 44 NMm to 1Ys NM,

depending on the level of radio noi1se ana the orientation of tae
aircraft antenna. The small sampie size voes not permit a
probability of successful signal reception tuv be assignea to any

range, although it is obvious that 1n most ot the cases observeu,
the effective range ot the aata Link was less tnan will be
required by an operational systen. In oraer that cata-i1nk range
not pe the limitinyg tfactor in dany practicail appirication ot
Differential umega, it seems tnat reliable aata-link range snouiu
be at least 200 NM at all times, whicCh 13 a8 Lactor Or neariy rive

over the smallest range limit observed auring the tests.

bata-link range can certainly be improvea over tnat
observea. Availabie techniques for lmproving data-link range
include increasinyg transimitter power, 1uCreaslng mModuidtlon ievel
on the siage-tone, aecreasing the 1ink gata rate, ana pruviulng




software (such as error-correcting codes) that 1s more tolerant
of bit errors in the data.

Probably the most powerful ana cost-eftective technique tor
increasing the range of the data link is to reduce the link data
rate. The present system sends a complete, 400-bit error message
every 10 seconds. 1The data are sent at 125 baua so that
transmission of a complete message requires 3.2 seconds.

Studies [9] and observations ot Umega phases auring these
tests both suggest that update periods of up to five minutes are
adequate for accurate performance of Difrerential Umega. It the
data link were recontfigured to provide one upagate per lUuU seconds
at 4.0 baud, the required bandwidth of the 1link could uecrease by
a factor of 31.25 yielding a range multiplication ot 5.60. It we
take 44 NM as representative of the existing reliable agata-link
range, then the suggestea change would proviae a reliable
data-link range of greater than 245 NM with no signiticant
sacrifice in system performance. Furthermore, baseband circuits
supporting a 4-Hz data stream can be designed to operate at
subcarrier frequencies as low as 30 Hz. ©OSystems can be aeslgned
that will simultaneously accommodate a 30-Hz telemetry signal ana
a normal audio (voice) signal [10]. The implication of this tact
is that if the bitferential Omega data link were recontigurea as
suggested, then it would no longer be necessary to disable
weather broadcasts from a beacon transmitter when the beacon 1s
to be used in suppo.t of Differential Umega, thus removing cne ol
the minor irritaticons experienced Jduring the tlight tests.

System reliability is related primarily to outages causea by
the loss or malfunction of any of the system components. During
the Uctober 1980 tests, the Leaadhorse monitor experienced an
outage of several hours duration and Transmitter H (Japan) was
off the air for several weeks. During the February 1981 tests,
the Anchorage monitor experienced an outage of several nhours.
Both monitor outages caused a complete loss of Uitterenctial uweyga
during test flights.
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Reliability can be increased through improvea aesign,
improved procedures and system redundancy. The Deadhorse outage
resulted from the accidental cutting of the cable connecting the
monitor receiver and the beacon transmitter, about 10U meters
away. This type of problem can be mitigated either by coloucating
the receiver and transmitter or by providing better protection
for connecting cables. The Anchorage outage resuited from a
transient in municipal power that caused the program in the
receiver processor to crash, with no permanent uamage. In any
permanent system, it should not be dirficult to proviue isolation

between line power ana processor sotftware.

There is always, in any system, the possibility of tailures
that have not been anticipated as well as the requirement to
deactivate a system for routine maintenance. Offsetting this
problem may require a geographical distribution of monitors so as
to provide a redundancy of data links. Swanson |4] has pointed
out that a redundant distribution of monitor stations also
permits increased sophistication in the differential correction
algorithm that will decrease range decorrelation error
significantly. Monitor redundancy did not exist during the
Alaska flight tests so there was no opportunity to evaluate the
benefits of such redundancy. NMNevertheless, in any tuture
evaluation of Differential Omega, constaeration shoula be given
to relocating one or more of the monitors to provide redundant

coverage over some test area.

The observea performance of the present system provides some
insight into the achievable pertormance of Differential Umega
navigation in Alaska. The most fundamental limitation to
navigational accuracy of Difterential Omega appears to be range
decorrelation error, at least at longer ranges. At short ranges
from the monitor, steaay-state navigational errors can be reduced
to a level no greater than about 0.25 M.

Convergence time of the Tracor 7620 tollowing tnitialization

seems inconveniently long tor use 1n Many general aviation
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applications. It should not be necessary for an aircratt to
start the engine(s) twenty minutes before every takeott merely to
assure accurate navigation. 1t may be appropriate tou design 1nic
any operational avionics a special standby mode tnat enables the
system to track signals with a minimum power arain. In audit.un,
any operational system should include a tail sate design that
will insulate the receiver/processor from briet vutayges or
transients in aircraft power.

The observed transient response ot the lracor 7620 roliowing
aircraft maneuvers was not satisfactory. The FAA recognizes the
inherent problem of overs“oot in area navigation systems |11} andg
suggests that pilots anticipate course changes by one mile tor

each 100 knots true airspeed in oruer to mitigate such ettects.
It is clear, however, that even using such proceaures, the
observed accuracy of Differential Omega navigation under the
circumstances of the February tlight tests would have degraaed
for a short time following aircraft turns. Ubviously, transient
behavior of Differential Omega is an important consideration tor
any operational system.
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V. CONCLUSIONS AND RECOMMENDATIONS

The overall objective of this project has been the
development and evaluation ot a Difterential Omega system. Most
ot the field testing has taken place in Alaska anu some ot the
results that have been achieved are indicative of the particular
nature of the Alaskan environment.

Taken as a whole, the flight test results do not reflect the
pertormance of a tully developed, operational Differential Umega
svstem., However, from the resuits that were achievea and trom an
understanding ot the nature of the imperfections that werc
observed in the system performance, one can deduce the potential
performance of Ditfferential Umega tor airborne navigation in
Alaska and can establish the major design requirements tor an
operational system.

The results suggest that Differential Omega can proviae
reliable operation and improved performance for data-link ranges
at least as great as 200 NM. At very small aata-link ranges,
accuracies approaching 0.25 NM 2-DRMS are achievable. Accuracy

shculd degrade slowly with increasing range.

The results also suggest that Differential Umega, when
properiy implemented, can meet requirements for terminal
operations and non-precision approach as well as for enroute
navigation.

The flight tests of the prototype system have Yielded
valuable information on the major characteristics and aesign
parmeters that will be requirea by a fully operational system.
The required characteristics that have been identiriea can te
summarized as follows:

{1) Monitor stations should be geographically

distributed so as to provide redundancy for ali
rotential users. The monitors themselves shoulu

pe designed to pe highly immune to transients or
outages in line power.




{2)

(4)

(5)

Ditferential corrections should be updateud abuut ounce
every 100 seconds. wata rate neeu be no greater CLuan
about 4 hHz. A mouulation methou snould pe adopteu such
that telemetry ana voice can be oroaacast
simultaneously from tne Lt beacon transwitter.

monitor stations in Ataska shoutd process airrerential
corrections only tor umega signals rrom A, L, b anc n
and at frequencies or lu.Z2 khHz anu 1i>.0 Knz.

Transient performance reyulrements for area navigation
systems have not been clearly speclrled Dy tiie FAA.
Nevertheless, the transient response ot the Vuega
receiver usea 1n the Alaska tests was cleariy excessive
for nonprecision approacn. >ince overshout 1is an
unavoiaable characteristic ot most area navigation
systems, acceptable levels ot transient pertormance
should be specified 1n order to establish design
criteria clearly for future systems.

Airborne Umega receivers shouid be adesigned to 1hCiuue
a "stanaby'" mode in which Umega signals wili be trackea
and processed, and navlgation solutions computed at a
minimum power drain.
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APPENDIX A

DIFFERENTIAL ZORRECTION “ESSAGE FORMAT

Length 40 bvzes

[+ N ) TR SN VT R IV )

0o

e e o o 4 e = = e

Information 7 bit ASCII, even pari:v
Data Bvie ¢ Data
ASCII S 21 MS Part Correctign Statien 3 13.%
ASCII ! 22 LS Part Correction Station 3 13.¢
ASCIT 1 23 M§ Part lorrvection Station & [I.%
ASCII 2 pe LS Par< Jorrection Staticn & Ii.c
ASCII ¢ 23 MS Parc Correction Station 1 11.3:
ASCII 9 26 LS Part Correcticn Station 1 11,33
ASCII o0 ke M Part Correction Station 2 11.33
Station Identifier 23 LS Part Correctieon Station I 1l.3:2
ASCIT 1-3 |
MS Jart lorrectiong Z¢ © M Part Correction Station I 11,33
- : - i
Station 1 12.2 :
LS Part Correction] 3¢ L5 Part Correc=ion 3Staticn 3 11.37
Station 1 10.2
MS Part Corvectionf 51 MS Part Correction Station ¢ 11,33
Station I 12.2
LS Part Correczion| 2 LS Part Correction Station 4 11.33
Statisn I 1.2
M Part Correction | 33 | Jsatle PRI
Stastion 3 1.2 ]
LS Part Correctionm 32 i Usablie 3$zationsi-l 2.2
Statiesn 5 I0.Q2 i
'
MS Pare lorvection] 33 ! Jsable StationmsEZ-H 13.3
Station - 1°7.2
LS Part Corcectionf3s Jsable Stationsa-D 13.6
Station 4 12.:
MS Part Zorrection) 3T | Jsable Stations:EZ-® 1.
Station 1 13.96
LS Parc Correction!3s Usable S<tatiomsa-2 11,33
Statisn 1 13.3
MS Part Carvecstion|3? Checksum
Staticn 2 13.5
LS Pare Correczion|sn Checksum
Station I 13.3




APPENDIX B
SYSTEM INTEGRATOR FOR OMEGA NAVIGATION SYSTEM

The System Integrator for the Umega Navigaticn System
recelves a cemodulatea subcarrier from the AVF receiver, ueteclts

the data, selects the appropriate agata for the system and Schius

the data to the Omega System. The software functions required 1in

pertorming the system function are:

° convert the 1nput subcarrier to algital samples

° track the phase of the subcarrier

° detect the presence of the subcarrier

) detect the timing of the digital moaulation on the
subcarrier (bit sync)

] detect the data

. detect the data heaaer

) select and reformat the data for the Umega system

. output the data to the umega System

An executive program is required to control the
subfunctions. The executive is initialized every 8 ms except
when preparing an output message. The executive programming 1s
interrupted every 1 ms by the interrupt program to input and
store a data sampie and to output data. The samples are
processed every 8 ms by the executive program.

The operating modes for the system are aetinea in Table 1.
Communications between the sottware modules take place with the
controi codes. Table 2 lists the counters used by the modules.
Figure 1 shows the executive software.
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Table 1 wuperating Modes !

MODE CONTROL CODE UUTPUT MUDE TRANSITIOUNS
<
=4 = & e
5 < < o = N
[ — [on) — bt —_— ] =
Z < 2 = Z = —
> o 4 = 2 & > = 2
v < = < < n n w
= 3 =) a g Jd a o
= = @ < = @ @A = B < 2
c - 25 o o> Z = = W
= @ wn = = w N o m om = =
1 0 0 0 0 X 2 - - - - -
2 0 0 0 1 X -1 5 - - - :
3 g 0 1 1 X -1 -2 - - :
3 1 .
5 i 0 0 O X X 5 - - - -1
6 1 0 0 1 X X - 4 6 - - 1 :
7 1 0 1 1 X X - 4 - 5 -1 |
Mode 3 is normal operating mode
Modes 1-2 are acqulsition modes
Modes 4-6 are reacquisition after message has been
received
Mode 1 Subcarrier is not detected; data nave not

been received recently.

Mode 2 Subcarrier has been detected; bit synch has
not been establisheda; data have not been
received recently.
Mode 3 Normal operating mode
Mode 3 Same as with 1 with reacquisition
Mode § Same as with 2 with reacquisition
vMode ¢ Same as with 3 with reacquisition )
B2




COUNTER

Interrupt
Input
Counter

Interrupt
dutput
Counter

Output Bit
Counter

Output Bit
Counter

Signai De-
tect Counter

Bit Counter

Character

Hold Timer

Table 2

INCREMENT RANGE MUDULE

i Interrupt Interrupt
0-8
1 Interrupt Interrupt
0-10
1 Bit Interrupt
0-8
1 Word Interrupt
7F-FC
8 Millisecond Subcarrier
0-12 Detect
1 Bit Bit Processing
Executive
0-9

1 Character Bit Processing,
3F-67 Character,
Processing
Executive

8 Millisecond Hold Processing
0-8 Min

WY s v 0 VA e g o

UdAGE

Used to re1nitialize
executive every
eighth 1nterrupt

Usea to output a bit
every tenth interrupt

Counts bits to pe
output

Contains current word
to be output

Used to count otft U..
sec

Used to mash oftf input
or parity

Used to Keep track ot
current character

Used to count ort
elght minutes since
last message was
received
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| TOGGLE SAMPLE STORAGE |

[: TRACK SC PHASE AJ

| DETECT SUBCARRIER

SUBCARRIER
DETECTED

[ﬁ BIT PROCESSING |

WORD
COMPLETE

[ woro procEssing |

MESSAGE
COMPLETE

y

[ MESSAGE PROCESSING |

-

[ cLear BIT sy |

b

Y
| woup procEssing |

L

ipLE

FIGURE 1. EXECUTIVE.
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SUBCARRIER PHASE TRACK

A combination of hardware and software is used tc aajust thu
sampler to take alternate samples on the peaks and zero crossings
of the subcarrier. The hardware portion is shown in Figure . anu
the software flow diagram in Figures 2b anu 2c. An analog

equivalent of the phase tracking system is shown in Figure 5.

The sampling process provides alternate samples three-
quarters and one and one-quarter cycles apart (see Figure 4,.
The change of sample timing is accomplishea by adjustinyg the

count of a preset counter (see Figure 5).
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PHASE SC
TRACE

ZERD ERROP
(E=0)

A

A=SAMPLE ADDRESS

o

FIGURE 2B,

TIME CORRECTION
(F) = ERROR/3

3

TIMING = 1750 + F

4

‘ RETURN >

SUBCARRIER PHASE TRACK.
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DECREMENT SAMPLE DECREMENT
ADDRESS SAMPLE
T ADDRESS
ADD SAMPLE SUBTRACT SAMPLE
TO ERROR FROM ERROR
- ]
SAMPLE ADDRESS
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START

COMPUTE SUM OF THE MAGNITUDES
OF THE INPHASE SAMPLES

v

COMPUTE TWICE SUM OF
THE INPHASE SAMPLES

y

INCREMENT SD
COUNT

CLEAR EVERYTHING
BUT THE HOLD FLAG

POLARITY = SIGN (.'])

Y

SET SUBCARRIER
DETECTED FLAG

b= Q=70
SDCOUNT = 0

RETURN

FIGURE 2C. DETECT SUBCARRIER
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SUBCARRIER
INPUT

PHASE
DETECTOR

QUADRATURE
 EE— MULTIPLIER

|

90° PHASE

! Y

N

PHASE
DETECTOR

INPHASE DATA

A

SHIFT

FIGURE 3.

VOLTAGE
CONTROLLED
OSCILLATOR

-

ANALOG EQUIVALENT OR PHASE TRACKING SYSTEM.
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SUBCARRIER DETECTION

The presence of the subcarrier 1s detected by comparing the
amplitude of the in-phase component of the signal to the
quadrature component. Since the carrvrier is phase reversal
modulated, the magnitude of the samples must be evaluated.

The magnitude of in-phase and quadrature samples 1s
integratea for .4 seconds. At the end of the time, a signai 1s
considered to be present if the in-phase sum is twice as large as
the quadrature sum.
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TIMING CONTROL

1. Divide number of usec between samples by two.

2 Convert the results into three BCD aiygits - a, b,
¢, and a remainuer r. Tr may be 1 or U.

5. Uutput 1 15 two BCb algits - b, c.

4. Qutput s 1is the thira BCD digit and the
remainder rxxxx, a.

Example:

Output: 1751 wusec

2 1751 _
~375 el
Qutput 4 = remainder is most siyniticant bit 8 8
1000 1000
Qutput 1 = 75
0111 0101

Test program used to check timing.

ADD

00
0l

-
/
4

D3
04
05
0o

[NST CUMMENT
71 OIS Lisable Interrupt
00 X=D P=20
61 OQUR1 Output 1 75§
75
65  0UTsS Outputs 838
838
00 IDL Iale

Figure 5
B12
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BIT SYNC (PART UF INTERRUP1)

The analog equivalent of the bit sync process is shown 1n
Figure 6. The in-phase samples are amplitude samples ot tne
filtered data wave torm. The tiltering 1s proviueu by the
hardware subcarrier band pass rilter. The filtereu wdave torm is
rectified and multiplied by double the bit rate reference. The
resulting wave form has 4 zero average value when the reterence
phase has a zero crossing at the bit transition time anu &
positive or negative average value when displaced trom this
timing. The average value of tne rererence times the magnituue
of the in-phase samples 1s examlnea to determine 1f a4 discrete
change in timing is requirea. 7lhe sottware flow diagrdm is shown

in Figure 6b.
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FIGURE 6.
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BIT TIMES

BIT VALUES

MANCHESTER CODING

FILTER WAVE

MAGNITUDE

MAGNITUDE-AVE (Ms)

REFERENCE

ERROR

REFERENCE

ERROR POSITIVE

REFERENCE

ERROR NEGATIVE




START

IMNPHASE NO
SAMPLE? )

YES

SUBCARRIER NO
DETECTED

YES .j
|
(s> '

NO

+ -

BOLARLTY POLARITY
OF SAMPLES
?

OF SAMPLES
?

+

INTERRUPT
COUNT = &

I
SET BIT
AND BT
DETECTED

YNC }
YNC
FLAGS |

wry U

4

END

FIGURE 68. BIT SYNC




BIT SYNC NO

DETECTED
FLAG?

CLEAR BIT SYNC
DETECTED FLAG

SAMPLE
SIGN

POLARITY

BOLARITY -
OF SAMPLES
Of SéMPLES 'It— A
) CLEAR BIT +
SYNC FLAG
IR3 e
Y
END

FIGURE 6B, Continued
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BIT PROCESSING

Each group of 8 sampliles represents 1 bit oif 1 character ot
the 1nput message. By comparing the sign ot the last sdupie
received and polarity tor this group of sampies, thlis moduie
determines the value of the bit. 1t the sign ot the sample anu
polarity are the same, then the bit 1s a 1l; ir they are
different, the bit 1s a 0. The routine atter determining the
value of the bit stores it 1n its proper place in the 1nput
message. The software tlow alagram is shown in Figure 7.
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SIGNS OF YES

SAMPLES 6& 3
SAME?

ADD SAMPLES

T
y

GET SIGN OF SUM

GET SIGN
OF SAMPLES

POLARW/+
g

v

BIT IS A

7T

POLARITY

\ A
BIT IS A1

END

FIGURE 7. BIT PROCESSING.
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CHARACTER PROCESSING

In order to identify an input message properly, the tirst
two characters of the message must be Checkeou to see if they are
ASCII S8S1. If the first two characters are not S1 then the first
one 1s discaraed and the program will continue checking for SI.
When S1 is found, the message processing flag 1s set. In
addition, each character is checkeda tor a parity error. If one

is found, then the parity error flag is set. See Figure 8 for
the software flow diagram.
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START
CHARACTER
PROCESSING

NO

MESSAGE
[N PROGRESS

YES

PARITY ERROK
THIS CHAR.

PARITY ERROR
THIS CHAR.

CHAR. COUNTER

SET PARITY
ERROR FLAG

NO

FIRST TWC
CHAR = S1?

¥

CHAR, COUNT = 1
CHAR(1) = CHAR(2Z)

CLEAR PARITY ERROR
FLAG AND SET MESSAGE
PROCESSING FLAG

oY Yy \ J

-

RETURN

FIGURE 8, CHARACTER PROCESSING
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MESSAGE PRUCESSING

This module takes the 40-character input message, checks the
check sum, converts each character from ASCII to HEX, finas the
usable stations and puts the usable stations and their respective
phase correction in the output message. Upon completion ot
message processing, the message ready flag is set and the hold
timer 1s initialized. If a parity error were found during
character processing or the check sum were 1n error, then the
message processing flags are cleared. the format of the input |
message i1s shown in Table 3. 'The phase corrections {characters
8-31) are the ASCII equivalent of the HEX digits ot the signea
binary numbers representing the phase corrections. The usable
stations (characters 32-37) are the ASClI equivalent of the HEX
digit determined by assigning a 1 to each usable station.
Characters 32, 34, 36 indicate which ot stations A, B, C, ana D
are usable and characters 33, 35, 37 indicate which of stations
E, F, G and H are usable. The check sum is the 1's complement ot

Y e

the sum of the HEX bytes derived from characters 2-37. It 1s
transmitted in ASCI1 also.

The format of the output message is shown in Table 4. The
usable stations are represented as a lo-bit word with the 8 least

.2 70 ~ePVerREI T

significant bits representing stations A-H, respectively. A 1 in

the bit position for a station means it is usable. The phase ' J
corrections are signed 16-bit twos complement integers with a
range of 255 x lanes x 1072 to -255 x lanes x 107%. Setting
the least significant bit of wora 37 signifies that the messaye
is ready. The check sum word 38 is the 1l's complement of the sum
of words 2-37. Figure 9 shows the messaye processing software
flow.
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TART MESSAGE
PROCESSING

PARITY ES

£RROR FLAG
SET

INPUT

MESSAGE CHECK o

SUMCORRECT]

SET MESSAGE IN
PROGRESS FLAG

!

GET USABLE STATIONS
FROM INPUT

y

CONVERT ASCII
70 HEX

¥

PUT USABLE
STATIONS iN
.OUTPUT MESSAGE

Y

GET PHASE CORRECTION
CORRESPONDING TO A
USABLE STATION FROM
INPUT MESSAGE

COVERT ASCIl
70 HEX

Y

PUT PHASE CORRECTION
IN PRCPER LOCATION IN
QUTPUT MESSAGE

SET MESSAGE READY FLAG
AND COMPUTE CHECK SUM

y

SET ~0LO “OOE,

“IGURE 7.

CLEAR 40LD TIMER
T

R 2N
CLEAR MESSAGE FLAGS,
CLEAR_INPUT MESSAGE

MESSAGE PROCESSING.
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Table 3
CHARACTEK FUNCTIOUN

0,1 51 Headaer

2,3 Byte Count

4,5 Identification %
6,7 ldentification |
8,9 Station 1 10.Z Phase
10,11 Station 2 10.2 Phase
12,13 Station 3 10.2 Phase
14,15 Station 4 10.2 Phase
16,17 Station 1 13.6 Phase
18,19 station 2 13.6 Phase
20,21 Station 3 13.6 Phase
22,23 Station 4 13.6 Phase
24,25 Station L 11-1/3 Phase
26,27 Station 2 1l-is/5 Phase
28,29 Station 3 1li-1/3 Phase
30,31 Station 4 11l-1/3 Pnase
32,33 10.2 Stations
34,35 15.6 Stations
36,37 11-1/3 Stations

58,39 Check Sum




Each two bytes of the Canadian message dre retormatted into onc
byte to aecoue the message. For instance, if words 9 and lu were
46 (ASCII for F) and 41 {ASCII for A), respectively, then the
correction to be applied to the first usable station of frequency
10.2 would be hex FA.

Also, if woras 33,34 were 34 (ASCII for 4) and 45 (ASCI] tor E,
then the usable stations would be B, C, b, G,

H G F E b C - A
4E = 0 0 1 0 0 1 1 1 0

The checksum is the 2-byte ASCII equivalent of the l-byte numver
which when added to the sum of the other bytes, excluding the
header, will equal FF.

For instance, if the sum of bytes 2-38 is 83, then byte 39 woula
be 37 (ASCII for 7) and byte 40 would be 43 (ASCII tor C).

The listing tor the test generator program has 4 table of
numbers, their ASCII equivalent ana their equivalent required by
the output program. The easiest way to compute the Checksum is
with a hex calculator it you have one.
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Tracor 7620 Omega Navigator:

This receiver has been modified to accept the differential
signal and process it to correct the Omega position information.
Information on operation of this equipment may be found in
Omega Navigation Equipment, Operation and Maintenance Instructions,
OM-401-235-1, Tracor, and Differential Omega Field Test Operator's
Checklist, SCl. Diagnostic messages are stored in several
memory locations within the 7620. These may be used to determine
probable sources of difficulty in troubleshooting the differential
Omega system. The memory locations may be accessed using a '"99"
test (Direct Memory Access) described in the maintenance instruc-
tions. Several useful memory locations are given in Table 5 along

with the significance of their contents.
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Table 5: 7620 Diggnostic Messages

The memory locations and messages below are accessed in a '99"

test and are given in octal notation unless otherwise specified.

Location

Significance of Contents

3115

3115

3104

3202

Sync confidence. Computer resets it to 200.
Increases 20 with good header, decreases 30

for bad header, increases 30 for good check-
sum, decreases 40 for bad checksum. Maximum

is 377.

Bit sync confidence. Starts at 100.

If a 010 is stored here the 7620 initiates
resync and ignores checksum errors.

Differential stations OK (information gotten
from integrator message). A "1'" in the
station's position indicates a useable station
e.g. A B C D E F G H
i 01 1 0 0 0 1
A 261 indicates that stations A,C,D and H are
useable.

2618

Differential Deselect. This shows the stations
being used by the 7620.
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APPENDIX C
LOGIC DIAGRAM SYSTkM INTEGRATOR BOUARD |
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APPENDIX D
FINAL TECHNICAL REPORT

DIFFERENTIAL E-FIELD NOISE-CAMNCELLING ANTENNA SYSTEM

1.0 SUMMARY

Limited flight testing of the Differential
E-Field Antenna System, designed to provide cancellation of
precipitation-static interference in airborne Omega applications,
has been undertaken with the experimental equipment installed in
the FAA Convair 580 aircraft (tail number N90) at the FAA
facility, Anchorage, Alaska. Test results from brief periods
of operation on two available flights were basically inconclusive,
although some reduction in precipitation-static interference

was qualitatively observed.

The first part of this report describes some
observations and conclusions from the preliminary flight testing.
A description of the experimental system is given in the subsequenc

section.
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2.0 FLIGHT TEST RESULTS

Operation of the noise-cancelling, differential
E-field antenna svstem was limited, due to higher prioricy
of the primary Differential Omega task program, to brief inter-
vals during two flights on October 17 and 19, 1980. The basic
problem on each of these flights was poor signal reception on
the lower antemna (refer to Fig. 1 and Section 3 for a description
of the system configuration). Clean, strong Omega signals were
normally receivable from the upper E-field antenna (mounted atop
the fuselage at station location 550). However, measurement
of relative Omega signal strength (using strong Hawaii Omega
as the reference) showed that the signal from the lower antenna/
preamplifier was some 10 dB weaker than the same signal from
the upper antenna/preamplifier unit. In addition, the lower
antenna/preamplifier indicated a 3-4 dB higher noise level
(implying an overall degradation in signal/noise ratioc of perhaps
13-14 dB for the lower antenna). These measurements were made
by observations of the relative signal level and noise level
meter readings with the Omega Noise Analyzer (ONA).

The poor signal/noise reception characteristics
of the lower antenna unit could also be confirmed by earphone
monitoring of Omega signal quality. All three on-the-air
Omega stations (Norway, Hawaii and N. Dakota) were clearly
audible (at least during non-precipitation static conditions)
from the upper antenna; however, only Norway or Hawaii was
audible with the lower antenna.

This gross inequality in signal reception between
upper and lower antenna units made it impossible to obtain a
good noise-cancelling null. (Cancellation by the differential
antenna concept requires nearly complete correlation in noise
components receivable at the separate upper and lower antenna
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antenna locations. Uncorrelated noise, if present, simply
cannot be nulled).

Several steps were taken in an attempt to isolate
the source of this interference. The individual preamplifiers
associated with the upper and lower E-field plate antennas
operate on regulated + 12 volt d.c. power derived, via shielded
cabling, from a single laboratory-grade a.c. power supply within
the ONA equipment cabinet. Switching of this power supply from
the normal 400 Hz aircraft power source to a 60 Hz power source
(i.e., by use of the separate 60 Hz inverter located in the
rear of the FAA aircraft) produced no noticeable change in
signal/noise level. Similarly, it appeared to make little
difference whether or not the ONA instrumentation cabinet was
directly grounded to the airframe.

The upper and lower preamplifier units were
also exchanged, between the first and second flights, on the
possibility that the poor signal reception was somehow associated
with the lower preamplifier. However, excessive noise was
again observed from the lower antenna on the next flight.

It may therefore be concluded that the observed
poor signal reception from the underneath antenna was due either
to a high ambient noise field surrounding the lower antenna or,

less likely, to some interference picked up via the interconnecting

cable between the lower preamplifier unit and the ONA instrumen-
tation cabinet. There was no opportunity to re-route this

cable or to determine whether significant noise was indeed
being coupled into the interconnecting cable.

(It should be noted that any problem associated
with the lower antenna is complicated by the fact that Omega
signals cannot be normally received by an undernmeath-the-fuselage




E-field antenna while the aircraft is on the ground. The
conductive airframes virtually shorts out the electric field
in the narrow region between the fuselage and the earth. O0f

course, once the aircraft is airbcrme, this shielding effect
disappears and normal signal reception from an underneath-the-
fuselage antenna is possible).

Another simple test suggests that the lower
antenna was located in a region of high ambient noise. A
marked reduction in the receiver output noise level was observed
when the lower antemna was shielded from the surrounding electric
field. This shielding was effected by totally enclosing the
E-field plate antenna (at a spacing of 3 - 4 inches) with
aluminum foil which was then grounded to the aircraft fuselage:
skin. This test was made during a delay prior to the scheduled
take-off time so that only a qualitative measurement (via
earphone monitoring of the noise reduction produced by electrical
shielding of the antenna) was taken. Moreover, it should be
noted that this type of test (with aircraft onm ground and with
landing gear doors opened so as to expose the lower antemna to
other possible interference sources) may not be indicative of
the actual noise level during flight (with the closed doors
then providing some additional electrical shielding).

The signal balancing unit and the noise analyzer/
receiver operated satisfactorilv on both flights. A null balance

approaching -23 dB was obtainable on the internmal BITE test signal
(e.g., switching from the additive A + B antenna mode to the noise-

cancelling, differential A - B mode required a 23 dB increase
in receiver gain to produce.an equivalent meter output signal).
Furthermore, switching OFF the BITE signal under this condition
produced no further reduction in meter output reading for the
A-B mode (indicating that the -23 dB "null" reading was limited
bv non-coherent noise rather than by an imperfect adjustment of
the phase/gain balance controls for the BITE signal itself).
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By operating in the A + B mode it is also possible
to obtain a null balance on the incoming Omega signals. The
level of the received Omega signals is considerably weaker than
that of the BITE test signal; accordingly, the quality of the
realizable null on any Omega station signal, in the presence
of the extraneous noise from the lower antenna, was limited to
roughly -14 dB (in switching from the normal A - B mode to the
A + B mode of operation).

It should be noted that optimal adjustment of
the gain and phase balance controls so as to achieve desired
cancellation of p-static interference (in the A - B differential
antenna mode) need not coincide with the comparable adjustment
for nulling of the BITE signal (also in the A -~ B differential
mode) or for Omega signal nulling (in the A + B antenna mode).
Initial nulling on BITE signals, however, does provide a simple,
convenient means of coarse adjustment of the gain/phase controls
that can be used by the operator prior to observing any p-static
interference. Once variable p-static is encountered, unless a
moderately good coarse null has alreadvy been achieved, it is
exceedingly difficult to determine even the proper direction
of an adjustment to either the phase or gain controls.

On the first flight, aircraft power to the
instrumentation was temporarily switched off immediately prior
to take-ofi. Precipitation static was then encountered during
climb-out through overcast clouds in the Anchorage area. Such
operaticnal problems, coupled with the excess noise from the
lower antenna, prevented the collection of more meaningful
test data on either flight.

The susceptipilicy of single E-field antennas
to precipitation-static interference was clearly demonstrated
on both flights. Dlodegrate-to-severe p-static was observed at
various times. The most severe interference appeared during

DS




periods of aircraft turbulence. Under these conditions the

normally strong Omega signals (Norway, Hawaii, N. Dakota) from
the upper antenna would be totally obliterated by noise having
a surging characteristic (as evidenced in earphone monitoring).

Under less severe interference conditions, one
or more of the Omega signals would be barely audible on the
upper antenna (identified as the A mode of operation) and
totally inaudible on the lower antemnna (B mode). There were
several occasions that the corresponding Omega signal from the
differential antenna mode of operation (in the A - B mode) would
show a cleaner signal characteristic than that obtainable from
either antenna alone. From these qualitative observations it
might be concluded that the differential antenna system was

indeed providing some small measure of p-static noise cancellation.

Attempts were then made to improve the differential
A - B signal by adjustment of either the gain or phase balance
controls. The variability in the noise interference level,
however, obscured any changes in signal quality that may have
been produced by this trial-and-error adjustment procedure.

Several conclusions and recommendations can be
drawn from this limited flight testing:

1) Clean Omega signal reception was obtainable
from the upper plate antenna (under p-static
free conditions). This demonstrated that
the plate antenna/preamplifier combination
has adequate sensitivity.
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2)

3

3)

The lower antenna, however, introduced an
excessive level of electrical noise, both on
the ground and during flight. Uncorrelated
noise of this type must be eliminated if
successful p-static cancellation is to

be realized.

There is no immediate explanation for the
large noise level associated with the under-
neath antenna. Preliminary tests suggest,
however, that the noise is entering through
the antenna directly (i.e., that the antenna
is located in an unusually high noise field).
If thise noise field is sufficiently localized,
it should be possible to eliminate, or materially
reduce, the interference by a re-location

of the lower antemna (say, by moving the
antenna aft by 5 feet or more).

Oscilloscope monitoring of each preamplifier
outputs should be emploved to determine
whether any saturation or limiting action is
occuring during impulsive p~static conditioms.
(The antenna/preamplifier combination used

in this flight testing operated satisfactorily
up to an electric field strength level
approaching + 5 volts/meter; however, oscilloscope
monitoring of output waveforms would have

been useful in confirming that these levels
were not.excluded during the most severe
p-static interference).

Additional flight time should be scheduled

to provide operator experience and to verify
that all portions of the system are operating
satisfactorily prior to data collection.




3.0 SYS1TEM DESCRIPTION

A brief description of each orf the functional
components ot the aircraft instrumentation is as follows:

E-Field Antennas

(@)
—

A pair of low silhouettd, capacitive-plate
antennas, one mounted atop the fuselage and the other beneath tne
aircratt (both located near station 550 on the convair 580
aircraft), are used for Omega signal reception. Thge antenna
housing is an electrically insulated fiberglass shell with a
conductive coating painted over the central region (with this
condnctive region forming a capacitive plate antenna with respect
to *the aircraft skin). A relatively small antenna of this type,
with an effective height-capacitance value in the neighborhoou ot
only 2 x 10'13 farad-meter, requires an extremely good
preamplifier if imput circuit noise is to be avoiaed. However, a
physicaily small antenna, particularly in the height dimension,
reduces the risk of particle impingement that can, in itselt, be
a source of p-static interference. A tlush mountea antenna would
be even better, but this woula pose an additional 1nstallation
problem for the FAA Convair 580 and other aircraft.

3.2 Antenna Coupler Preamplifier)

An active coupler/preamplitier is usea with each
antenna. Each preamplifier, mounted inside the aircraft, 1s
connected to its antenna via a 9" coaxial cable. Transformer
coupling of the antenna input circuit is used to provige 1sola-

lation to any power or common moue input noise. An electric-riely

 ——




strength sensitivity in the neighborhood of 1 volt/meter - Az
at the 13.6 kHz operating trequency was measured in the
laboratory {(preamplifier used in combination with the above
E-field plate antenna).

)
(V]

Signal Balancing Unit

The Signal Balancing unit includes both phase ana
amplitude balance controls so that the common mode component ot
the p-static noise can be nulled out; in adaition, the unit
includes a reversing switch (in the B channel). The reversing
switch is useful in initial coarse null balancing and in
measuring the quality of the null during p-static conditions.

The A-B position should show a deep null on
p-static if the phase and amplitude controls are properly
balanced for p-static suppression. Conversely, in the A + b
position, the received Omega signals and atmospheric noise will
tend to be nulled out, leaving p-static and other common-mode
noise as the major component.

3.4 Umega Noise Analyzer

Each Omega Noise Analyzer (UNA} incluades both a
wide band filter output capability (approximately 200 H:z
bandwidth) and a narrow band output (less than 1 Hzj). The wiae
bandwidth is most useful for the measurement of noise; the narrow
band filter, centerea at 13.6 kHz, permits a direct measurement
of Omega signal strength.

The operator can select, by means ot a thumbwheel
switch, a particular Omega segment to be usea tor time gating ot
the wide band filter; similarly, a second umega segment can
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be selected for the narrow band filter outputs. The time-gated
waveforms are rectified and averaged over the selected segment y
interval. A sample-and-hold circuit displays the resultant

average value on front-panel meters: once every 10 seconds the

front-panel meters display new signal (or noise) coverages. Each

ONA channel uas independent gain/attenuator controls so that

useful, on-scale meter deflections can be obtained over a wide _
range of input signal (or noise) levels. |

In addition to the front-panel meters, each ONA
channel includes provision for earphone monitoring and magnetic
tape recording (of the ungated 200 Hz bandwidth signals + noise).

Heterodyne conversion of the 13.6 kiz Omega signals to a 1024 Hz
intermediate frequency (i.f.) is employed. Phase and amplitude
information is retained in this process.

3.5 Tape Recorder

It had been originally planned that a Hewlett-
Packard 3964A Instrumentation Recorder be procured and used for
4-channel recording of the following ONA output channels:

Channel 1: Single Antenna A

Channel 2: Differential Antenna A - B
(or A + B through switch reversal)

Channel 3: Single Antenna B '

Channel 4: Loop Antenna

i~

Channel 1 and Data logging is obtained from one
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ONA unit; Channel 3 and 4 recording would have been possible
from a second ONA unit (with the fourth channel designed to

T e

give information on the comparative behavior of loop vs differential
E-field antenna under identical p-static conditions). X

e e
et e et

However, time and funding restrictions prevented
procurement of the 4-channel instrumentation for this particular
flight test series. Instead, a readily available 2-channel
cassette recorder (similar to an ordinary portable cassette
recorder, but with dual channels for stereo recording purposes)
was incorporated into the instrumentation package. The recorder

}
was then modified to provide more linear performance over its h
full dynamic range by removal of its automatic level recording |
circuit., Laboratory testing showed that the resultant recorder
had an adequate analog data recording capability, with correct
phase and amplitude data being displayed in playback of the dual
channels.




